This paper reports, the studies on chemical transformations at thermal treatment of a mixture of SrCO 3 and Co 3 O 4 corresponding to stoichiometric ratio of SrCoO 3 compound. The mixture of raw materials was prepared by mechanical activation. Thermal analysis, X-ray diffraction and scanning electron microscopy were used for these studies. It was found that SrCoO 3 forms at 930 o C but is not stable and turn immediately into Sr 2 Co 2 O 5 by eliminating of oxygen. This compound, Sr 2 Co 2 O 5, is unstable and by increasing of the temperature decomposes in Sr 3 Co 2 O 6 and cobalt oxide. At temperatures above the 1250 o C, the samples melt and Sr 3 Co 2 O 6 crystallizes from vitreous phase by cooling.
The compounds with a perovskite structure are widely studied due to their applications in technical fields such as solid electrolytes, ionic/electronic mixed conductors, electrodes, catalysts, sensors, etc.
The strontium cobaltite is characterized by a large variation of properties due to the presence of the defects and their ordering in the crystalline lattice. Also, it shows a wide domain of non-stoichiometry due to different states of valence of the cobalt (II, III and IV). Structure and properties of strontium cobaltite are influenced by the method of preparation, partial oxygen pressure, temperature and thermal treatment applied. Sr 2 Co 2 O 5 was obtained by the thermal treatment in the air and has two types of structures, of which one is orthorhombic and is stable at high temperature and another is hexagonal and is stable at low temperature. The compound with orthorhombic structure is obtained by fast cooling from 1000 o C and is metastable at room temperature. Sr 2 Co 2 O 5 with hexagonal structure was obtained by slow cooling [1] .
The phase diagram of the system Sr-Co-O established by heating in air [2] confirmed the existence of two compounds at high temperature, namely, Sr 2 Co 2 O 5 and Sr 3 Co 2 O 6. The first is an incongruent compound in solid phase and can dissociate in Sr 3 Co 2 O 6 and cobalt oxide. The second, Sr 3 Co 2 O 6 is also incongruent and decomposes in SrO and a liquid.
Different methods of obtaining non-stoichiometric strontium cobaltite were developed, as solid phase reactions [3] , combustion [4, 5] , sol-gel method [6] , coprecipitation [7] , etc. So, Zhang and collaborators [8] obtained SrCoO x by polymerization based on citrate method and by co-precipitation. They obtained SrCoO x by calcination at 800-900 o C, but finally observed that this contains low quantities of Co 3 O 4 and SrCO 3 . Munoz and collaborators [9] using citrate method observed that after 12 hours of calcination at 900 o C, followed by cooling in liquid nitrogen, a polycrystalline phase with a orthorhombic structure without any traces of hexagonal phase was * email: geta_velciu@yahoo.com obtained. The hexagonal phase usually is obtained in the case of the slow cooling. Calles and collaborators [1, 10] made an extensive study on obtaining of orthorhombic Sr 2 Co 2 O 5 and on its structural transformations at heating and cooling below the temperature of 1000 o C.
The mechanical activation method is currently used to intensify chemical reactions because this increases the specific surface area of the precursors and their proportion of defects causing an increased reactivity [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This fact allows reducing the temperature at compound formation [21] .
The mechanical activation is used for a process in which the chemical reactivity of a system increases under the influence of mechanical energy, while the chemical composition remains the same. In this case, the temperature for carbonate dissociation gets lower and the diffusion speed gets higher. Mechanical activation leads to changes in the powder morphology and ensures better homogenization. When the grinding time is longer, the crystalline lattice of the raw materials may undergo changes, too. Chances are that the mechanical activation will lead to the formation of a relatively large ratio of an amorphous phase or to the formation of equilibrium compounds at low thermal treatment temperatures. Then again, there are papers indicating the formation of compounds in the mechanically activated raw mix only when the raw mix is thermally treated after grinding.
Knowing of the reaction mechanisms at synthesis of perovskite non-stoichiometric compounds is ver y important because their structure and properties are very sensitive to the conditions of preparation and heat treatment. Oxygen content of the cobaltites varies both because of the instability of the compounds formed as well due variable valence of cobalt ions. Many studies were performed regarding non-stoichiometric compounds of the strontium cobaltite but the results are often imprecise and sometimes contradictory. For this reason in our paper the formation of the strontium cobaltites and their chemical transformations at the thermal treatment in air was studied.
Experimental part
The raw materials SrCO 3 and Co 3 O 4 from Fluka were used for the synthesis of SrCoO 3 . The mixture was prepared by the mechanical activation. For this purpose the planetary mill of the type Pulverisette 5 was used, the ratio balls: mixture was of 10:1 and the time of milling of 15 hours. Details about this method are given in the paper [21] . The particle size distribution of obtained powder was determined using a Brookhaven 90 Plus particle size analyzer [22] . This has a unimodal distribution of the particle sizes with a modal diameter of 429 nm and a relative width of 3.6%.
The resulted powder was thermally analyzed with simultaneous recording of the DSC, TG and DTG curves performed with apparatus STA 449 F3 Jupiter.
The pellets with 10 mm diameter were pressed uniaxial at 100 MPa. These were heated in the electrical furnace at different temperatures for two hours. The cooling of samples was performed either fast in liquid nitrogen or slowly with the furnace.
The phase composition of samples after thermal treatment of the pellets was performed by X-ray diffraction (XRD) on Shimadzu 6100 using CuKα radiation.
Samples were also analyzed with Scanning Electron Microscopy (SEM) FEG-SEM-FIB Auriga Workstation. The elementary chemical composition determined by Energy Dispersive X-Ray Analysis (EDAX) was used for grain identification and was calculated the ratio:
where Co and Sr are the proportions of these elements expressed in percent weight.
Results and discussion
Thermal behavior of the mixture In order to examine the development of reactions the DSC, TG and DTG thermal analyses were simultaneously performed on the powders synthesized by mechanical activation and curves recorded are given in Figure 1 .
at lower temperatures as compared to literature data. The lower dissociation temperatures in the case of the examined sample may be explained by the structural modifications that take place during the mechanical activation process leading to a decreasing of the crystallinity degree of the respective raw material. The dissociation of SrCO 3 in two stages, may be due to the fact that CO 2 release can partially reverse the reaction as results from the paper [24] . The exothermic effect from 930 o C corresponding to the crystallization of SrCoO 3 may be also seen on the DSC curve.
Phase composition
The phase composition was determined on the pressed pellets, thermally treated at various temperatures. At the beginning the sample was heated at 930 o C and then cooled slowly into the furnace. The XRD spectrum resulting at room temperature for this sample is shown in Figure 2 . Three endothermic effects may be noticed on the DSC curve, all of them being accompanied by loss of mass. The first effect is observed at 860 o C and may assigned to the oxygen loss from the Co 3 O 4 structure, which turns into CoO. According to the data from literature, the dissociation temperature of Co 3 O 4 depends on the obtaining method and the particle sizes, varying between 866 and 922 o C [23]. The second effect, as seen on the DSC curve, is wider and duplicated, and may be assigned to the elimination of the CO 2 from the structure of the strontium carbonate. On the DTG curve may be noted that this effect takes place in two stages, namely at 885 and respectively 897 o C, that is It is noticed that c-SrCoO 3 (JCPDS 38-1148) practically is formed at 930 o C, but very weak lines of Sr 2 Co 2 O 5 may also be seen, that shows that this begins to decompose as a result of oxygen loss. Previously, for the synthesis of this compound high pressure and high temperature in oxygen atmosphere were used [25, 26] . The compound may also be stabilized by introducing various oxides into the structure, with which it forms solid solutions [27] or by electrochemical oxidation [28] .
The sample thermally treated at 1000 o C, was developed in two alternative ways: one of them with fast cooling in liquid nitrogen and the other with slow cooling. The XRD spectra as they have been obtained are shown in the Figure  3 .
Thus, in Figure 3 (a), which refers to fast cooling sample, the specific lines of Sr 2 Co 2 O 5 (JCPDS 34-1475) are noticed. However a few weak lines are also present corresponding to the Sr 3 Co 2 O 6 (JCPDS-83-0377) compound. This shows that Sr 2 Co 2 O 5 is not entirely stable, even if cooling has been very fast. So, it is confirmed the fact presented in paper [2] , namely that Sr 2 Co 2 O 5 is incongruent and dissociates.
Through slow cooling ( Fig. 3(b) ) an increased proportion of Sr 3 Co 2 O 6 is noticed, which lead to increased intensity of its lines. Figure 4 shows the spectra for the samples thermally treated at 1100 and 1200 o C respectively, using slow cooling. In Figure 5 , at higher temperatures (1250 and 1300 o C) only some weak diffraction lines corresponding to Sr 3 Co 2 O 6 are noticed that has crystallized in the slow cooling process.
No specific lines of Co 2 O 3 have been ascertained through X-ray diffraction, although upon complete dissociation of Sr 2 Co 2 O 5 the oxide quantity can be of approximately 14%. This may be explain by the fact that the cobalt oxide resulted during the dissociation process does not have the crystallinity degree required to obtain a XRD spectrum.
Electron microscopy studies
Some informations with regard to phase compositions has been obtained with the elementary chemical analysis performed by EDAX. In the figure 6 are shown the Scanning Electron Microscopy images of the sample termally treated at 1000 o C which then was cooled in liquid nitrogen. Grains of various shapes and sizes can be seen, as shows the details in Figure 6(b-d) . For each of the three details the elementary chemical analysis was performed and the ratio was calculated, the results being given in Table 1 .
In same table the theoretical values of this ratio for the two compounds identified by XRD namely Sr 2 Co 2 O 5 and Sr 3 Co 2 O 6 are presented. Thus from Figure 6(b) it is observed that the grains have this ratio near to that corresponding to the compound Sr 2 Co 2 O 5 , which according to X-ray diffraction is the main component in the sample. For the details (c) and (d), this ratio is between the values corresponding to the two compounds identified by XRD.
At 1200 o C (Fig. 7) only grains with a ratio corresponding to Sr 3 Co 2 O 6 are observed and grains richer in cobalt oxide formed as a result of the dissociation of Sr 2 Co 2 O 5 .
The XRD spectra, show that the sample thermally treated at 1200 o C mainly contains the Sr 3 Co 2 O 6 . Figure 8 shown the electron microscopy images of the sample thermally treated at 1250 o C with a slow cooling.
The liquid phase which appears at 1250 o C (Fig. 8) is located at the boundary between grains and may diffuse inside them. In the paper [2] it is shown that this liquid phase is rich in cobalt oxide. Nevertheless, the presence of some grains having the ratio corresponding to the Sr 3 Co 2 O 6 Fig. 7 . Electron microscopy image of the sample thermally treated at 1200 o C with a slow cooling compound can be ascertained, which confirms the results obtained through X-ray diffraction. Based on the XRD and EDAX studies performed according to the heat treatment temperature, the dissociation mechanisms of SrCoO 3 were studied. SrCoO 3 is formed by solid-phase reactions at low temperatures, i.e. at 930°C, its crystallization being marked by an exothermic effect on the DSC curve ( fig.1 ). The formed compound is incongruent in solid phase, and its chemical composition is gradually changes. For this reason the temperature of 930 o C is not a polymorphic transformation temperature as it appears from the literature. SrCoO 3 undergoes a dissociation process. First, at temperatures between 930 and 1000 o C, oxygen is eliminated in accordance with the reaction:
with formation of an oxygen deficient compound Sr 2 Co 2 O 5 . Then, at increase of temperature above this limit Sr 2 Co 2 O 5 undergoes deeper changes by losing of a Co 2 O 3 molecule in solid phase: (2) and it forms a compound richer in strontium oxide. Therefore, Sr 3 Co 2 O 6 is not a polymorphic variety of Sr 2 Co 2 O 5 , but is a compound with chemical composition and its own properties. At 1200 o C sample consist of a single crystalline phase, namely Sr 3 Co 2 O 6 . By electron microscopy it was found that at this temperature began formation of the liquid phase. At higher temperatures, the 1250 and 1300 o C samples are practically melted and in the cooling process only Sr 3 Co 2 O 6 crystallizes.
Conclusions
In this paper the chemical reactions that take place, when the mixture of SrCO 3 and Co 3 O 4 is heated in air to forms SrCoO 3 were studied. Thus, initially SrCoO 3 is formed, which is unstable and begins immediately to turn into Sr 2 Co 2 O 5 . This compound, unstable in its turn, dissociates in solid phase passing into a compound richer in strontium oxide Sr 3 Co 2 O 6 . The dissociation of Sr 2 Co 2 O 5 is complete at 1200 o C. At temperatures exceeding 1250 o C the liquid phase appeared. After the slow cooling of the sample together with the furnace from 1250 and 1300 o C, the compound Sr 3 Co 2 O 6 was found by XRD. This compound was crystallized from the vitreous phase at the cooling.
